O 4 (SLNT, with x = 0.1, 0.2, and 0.4) proton conducting oxides were synthesized by solid state reaction for application as electrolyte in solid oxide fuel cells operating below 600°C. Dense pellets were obtained after sintering at 1600°C for 5 h achieving a larger average grain size with increasing the tantalum content. Dilatometric measurements were used to obtain the SLNT expansion coefficient as a function of tantalum content (x), and it was found that the phase transition temperature increased with increasing the tantalum content, being T = 561, 634, and 802°C for x = 0.1, 0.2, and 0.4, respectively. The electrical conductivity of SLNT was measured by electrochemical impedance spectroscopy as a function of temperature and tantalum concentration under wet (p H2O of about 0.03 atm) Ar atmosphere. At each temperature, the conductivity decreased with increasing the tantalum content, at 600°C being 2.68 × 10 −4 , 3.14 × 10
Introduction
The main drawbacks hindering the widespread commercialization of solid oxide fuel cells (SOFCs) are related to the high operating temperatures of conventional SOFCs that use Y-stabilized zirconia electrolytes. Lowering SOFCs operating temperature to the 400-600°C range can reduce fabrication costs, simplify the thermal management, aid in faster start up and cool down procedures, diminish the power consumption for reaching the operating temperature, and result in less degradation of the cell and stack components [1] . Therefore, to speed up SOFC practical applications, many studies have been oriented toward the development of SOFCs working at intermediate-low temperatures (400-600°C). For this application, high temperature proton conductors (HTPCs) are gaining growing attention as potential electrolyte materials due to the easy migration of protons inside the HTPC lattice at temperatures between 350°C and 650°C, which results in low activation energy for charge carrier conduction. Furthermore, the use of HTPC electrolytes allows high efficiency since water is generated at the cathode site, avoiding fuel dilution [2] . LaNbO 4 (LN) doped with 10 mol% Ca or 2 mol% Sr is been recently reported as a HTPC electrolyte materials stable under CO 2 and water vapor atmospheres, having a total conductivity of 2 × 10 −4 Scm −1 in wet hydrogen at 600°C [3, 4] . The main obstacle hindering LN practical application in SOFCs is related to its phase transition; LN shows a monoclinic (fergusonite) structure at ambient temperature and undergoes a phase transition at around 500°C to the tetragonal (scheelite) structure [3] . The structural changes from the low temperature monoclinic phase to the high temperature tetragonal structure affect LN thermo-mechanical and conduction properties; the expansion coefficient decreases from 17.3 × 10 −6°C−1 to 7.1 × 10 −6°C−1 and the activation energy for proton migration changes from 0.77 eV to 0.54 eV [3] . LaTaO 4 (LT) is another chemically stable HTPC electrolyte, showing a total conductivity of 8 × 10 −5 Scm −1 at 600°C in wet hydrogen, which also shows phase transitions from orthorhombic to monoclinic at around 220°C, and from monoclinic to tetragonal structure at about 1300°C [5, 6] . Therefore, avoiding the phase transitions would represent a breakthrough for the development of stable electrolytes for intermediate-low temperature SOFCs. LaNb 1-x Ta x O 4 (LNT) single phase solid solutions can be obtained for 0 ≤ x ≤ 0.4 and 0.8 ≤ x ≤ 0.1, having the LN and LT crystal structure, respectively. LNT having Ta content below 40 mol% shows a linear increase in the phase transition temperature from monoclinic to tetragonal with increasing the Ta content (for x = 0, T ≈ 500°C and for x = 0.4, T ≈ 800°C) [5, 7] , therefore it is possible to tailor the Ta content to avoid the phase transition, and thus structural changes in the desired SOFC operating temperatures. 2 , 98%, Wako) were the starting reagents. After mixing them together in the required amounts, the mixture was subjected to ball milling for one day followed by two calcination treatments at 1400°C for 5 h. A grinding step was performed in between the two thermal treatments. Structural characterization of the calcined powders was carried out by X-ray diffractometry (XRD, Rigaku RINT Ultima III with Cu Kα radiation).
Dense SLNT compact rectangular bars, 1 × 5 × 10 mm in size, to perform dilatometric analysis, and cylindrical pellets for conductivity measurements were obtained by pressing the powders at 230 MPa and sintering at 1600°C for 5 h. The relative density of the SLNT sintered pellets was measured by the Archimedes method using deionized water at 22.5°C with respect to the SLNT theoretical density of 5.897 g/cm 3 [8] .
To evaluate the chemical composition and the crystalline structure of the SLNT pellets, inductively coupled plasma (ICP) analysis (optical emission spectrometer, Nippon Jarrel-Ash Co. Iris) and XRD analysis were carried out. The microstructure analysis of the SLNT sintered pellets was performed with a scanning electron microscope (SEM, Hitachi S-4800).
The transition temperature and expansion coefficient were determined with a dilatometric study, heating the sintered SLNT rectangular bars in flowing air from room temperature to 1200°C with a heating rate of 5°C min
, using a thermal expansion analyzer (NETZSCH, DIL402E).
For the conductivity measurements, the sintered pellets were coated on both sides with gold paste (Nilaco Corporation). The Au electrodes were firstly dried at 100°C and then fired to 1000°C for 10 min in air. Electrochemical impedance spectroscopy (EIS) measurements were performed using a multichannel potentiostat (Bio Logic VMP3) in wet Ar (~3% humidity) and dry Ar atmospheres over the 1 Hz-1 MHz frequency range, between 500 and 800°C. The acquired data were fit to equivalent circuits using the Zview software [9] . Depending on the complex impedance plane plot shape, different equivalent circuits were used; at temperatures below 600°C, the equivalent circuit (RbQb)(RgbQgb)(RpQp) was used, where Rb, Rgb, and Rp are the ohmic resistances, and Qb, Qgb, and Qp are the constant phase elements associated to the bulk, grain boundary, and electrodes, respectively. At higher temperatures, where the semiarc associated to the bulk response was not observed in the complex impedance plane plots, the Rb(RgbQgb)(RpQp) equivalent circuit was used. [10, 11] .
Results and discussion
where λ is the wavelength of the X radiation (1.542 Å), θ is the peak diffraction angle (degrees), β is the corrected full width at half maximum (FWHM, radians), B obs is the observed FWHM, and B ins is the FWHM of the standard. Table 1 summarizes the mean crystallite size for each SLNT composition. A decrease in the mean crystalline diameter (D) was observed with increasing the tantalum concentration up to 40 mol%. Fig. 2 shows the XRD patterns of the SLNT pellets with different compositions. The peaks are located in the same position as in the powder patterns, indicating that single phase is retained even after the high temperature sintering, although with a smaller FWHM accounting for an increase in the crystallite size.
After grinding the pellets into powders and dissolving them with aqua regia, ICP analysis was used to verify the actual chemical composition of the SLNT sintered pellets with respect to the nominal composition. Table 2 shows that for all the SLNT samples the element concentration in the SLNT pellets was in good agreement with the nominal values.
No significant differences in the relative density values were observed among the SLNT sintered pellets, being 93% with respect to the theoretical density for the samples with x = 0.1, and 91% for both the samples with x = 0.2 and 0.4. Fig. 3 shows the typical FE-SEM micrographs of the fractured SLNT samples sintered at 1600°C for 5 h. For each SLNT composition, the grain size (g i ) was obtained by drawing a series of randomly distributed test lines on the images and measuring the length of the intercepted grains. The grain size distribution n(g) was determined fitting the grain size data as a log-normal distribution, as common for other sintered materials [12] . The distribution is given by Eq. (3)
where μ and σ are the mean and standard deviation, respectively, when the natural logarithm is applied to the grain size data (g i ), and g 0 is the normalizer value equal to 1. Table 3 reports the average SLNT grain size calculated as g ave = exp(μ + 0.5σ 2 ). However this parameter is strongly influenced by the largest and smallest values, thus the mode and median values are also reported in Table 3 . The mode, given as g mod = exp(μ-σ 2 ), shows the most common grain size value, while the median given by g med = exp(μ), represents the value that falls on the middle of all the measured values. Finally the standard deviation (sd) = exp(σ), that is a measure of the heterogeneity of the grain sizes, has been also reported in Table 3 . For the SLNT samples with x = 0.1 and 0.2 all the values were similar, while larger values were found for x = 0.4, suggesting that the increase in the Ta concentration increased the grain size and grain heterogeneity. Fig. 4 shows the cooling-stage dilatometry signal for the SLNT pellets with the typical curve slope change at the transition phase points. The same transition phase points were obtained both during heating and cooling processes. These reversible shrinkage and expansion processes are due to the SLNT phase transition, which indeed affects the oxide thermo-mechanical properties and, thus, might cause degradation of the SOFC components.
The thermal expansion coefficients of the monoclinic (α M ) and tetragonal (α T ) phases were calculated from the phase transition temperatures derived from the dilatometric curves shown in Fig. 3 . Table 4 reports the phase transition temperature and the thermal expansion coefficients for each SLNT composition, which agree well with literature data for LaNb 1-x Ta x O 4 compositions [6] . [3] . Table 5 summarizes the activation energies (Ea) obtained for the SLNT Arrhenius plots both in wet and dry atmospheres. For all the SLNT samples, the activation energy values calculated in wet Ar were smaller than those calculated in dry Ar, which is typical of proton conducting oxides. For the x=0.1 and 0.2 compositions, a change in the activation energy was observed both in wet and dry Ar atmospheres, due to the phase transition from the monoclinic to the tetragonal phase, similarly to what reported in the literature for Ca 0.01 La 0.99 NbO 4 [3] . Since conductivity Figs. 6 and 7 show the impedance complex plane plots and the corresponding spectroscopic plots of the impedance imaginary part, respectively, acquired for the three SLNT pellets at 500°C in wet Ar. Three main contributions are clearly visible for all the samples. The high frequency semiarcs, with a specific capacitance of about 10 −12 Fcm . The final spike at low frequencies can be attributed to the electrode response, as the capacitance values were calculated in the 10 −5 Fcm −1 order. Table 6 summarizes the bulk and grain boundary conductivity and capacitance values for the SLNT samples. The overall total conductivity of several ion conducting oxides is strongly affected by the grain size, and thus the grain boundary density, since grain boundaries can act as a barrier for ion transport [9, [13] [14] [15] [16] . For SLNT pellets, the correlation between conductivity and grain size was investigated by comparing the statistical descriptors (average, mode, median and standard deviation) with the conductivity at 500°C. The linear correlation factor between the grain boundary conductivity and the standard deviation was 0.99, suggesting that the more heterogeneous the grain size, the lower the grain boundary conductivity. Therefore, the best conductivity would be achieved by fabricating SLNT samples with a homogeneous grain size, i.e. starting from nanometric particle powders and optimizing the sintering process.
One can argue that the conductivity of the SLNT sample with 20 mol% Ta is too small for practical SOFC application at 600°C. However, an area-specific resistance (ASR) of 0.15 Ωcm 2 is needed for an electrolyte to plan its selection for fuel cell use [17] . This value can be reached at 600°C for the SLNT sample with 20 mol% Ta using a film having a thickness of about 50 nm. Though not trivial, this target is indeed plausible to be reached using pulsed laser deposition as the fabrication method to grow films [13] , making foreseeable the practical use as a stable proton conducting electrolyte of the SLNT material in thin-film form.
Conclusions
Sr 0.02 La 0.98 Nb 1-x Ta x O 4 materials with concentrations x = 0.1, 0.2, and 0.4 were investigated as proton conducting electrolytes with the aim to improve their thermo-mechanical stability at 600°C, which is undermined by phase transitions. The sample with x = 0.1 composition showed the largest proton conductivity, comparable to the values reported for Ca 0.01 La 0.99 NbO 4 under H 2 wet (~2%) conditions, but the phase transition was observed at 561°C. The SLNT sample with 20 mol% Ta composition showed suitable characteristics for practical application, with the phase transition pushed above 600°C, the target SOFC operating temperature. However, at this temperature the total proton conductivity was measured at 3.14 × 10 −5 Scm −1 , which allows practical applications in thin-film form of about 50 nm in thickness. 
